widespread role for E2F1 in the human genome Unbiased location analysis of E2F1-binding sites suggests a data Supplementary http://www.genome.org/cgi/content/full/gr.4887606/DC1 "Supplemental Research Data" ; fax (530) 754-9658. Article published online before print. Article and publication date are at
The E2F family of transcription factors regulates basic cellular processes. Here, we take an unbiased approach towards identifying E2F1 target genes by examining localization of E2F1-binding sites using high-density oligonucleotide tiling arrays. To begin, we developed a statistically-based methodology for analysis of ChIP-chip data obtained from arrays that represent 30 Mb of the human genome. Using this methodology, we identified regions bound by E2F1, MYC, and RNA Polymerase II (POLR2A). We found a large number of binding sites for all three factors; extrapolation suggests there may be ∼20,000-30,000 E2F1-and MYC-binding sites and ∼12,000-17,000 active promoters in HeLa cells. In contrast to our results for MYC, we find that the majority of E2F1-binding sites (>80%) are located in core promoters and that 50% of the sites overlap transcription starts. Only a small fraction of E2F1 sites possess the canonical binding motif. Surprisingly, we found that ∼30% of genes in the 30-Mb region possessed an E2F1 binding site in a core promoter and E2F1 was bound near to 83% of POLR2A-bound sites. To determine if these results were representative of the entire human genome, we performed ChIP-chip analyses of ∼24,000 promoters and confirmed that greater than 20% of the promoters were bound by E2F1. Our results suggest that E2F1 is recruited to promoters via a method distinct from recognition of the known consensus site and point toward a new understanding of E2F1 as a factor that contributes to the regulation of a large fraction of human genes.
[Supplemental material is available online at www.genome.org and http://genomics.ucdavis.edu/farnham/. The sequence data from this study have been submitted to GEO under accession nos. GSE4306, GSE4319, GSE4337, GSE4338, GSE4354, and GSE4355.]
Members of the E2F family of transcription factors are present in all cell types and are conserved from plants to animals. There are eight known members of the E2F family in mammals. In general, E2Fs 1, 2, and 3 are classified as activators; E2Fs 4, 5, and 6 are classified as repressors; and E2F7 and E2F8 have not yet been studied well enough to be appropriately classified (Nevins 1998; Attwooll et al. 2004 ). However, it must be considered that the actual role that a specific E2F plays at a given promoter is defined by interactions with pocket proteins (i.e., Rb, p107, and p130) and histone-modifying complexes (Brehm et al. 1998; Dyson 1998; Luo et al. 1998; Magnaghi-Jaulin et al. 1998; Nielsen et al. 2001; Frolov and Dyson 2004) . Because the first E2F target genes were shown to regulate basic cellular processes such as cell cycle progression and DNA repair, it was believed that the E2Fs played a critical, yet highly specific, role in cell biology. However, these first analyses of E2F target genes were highly biased toward certain classes of genes. Clearly, to understand the full role of E2F in the cell, an unbiased approach is required. Toward this goal, large sets of genes regulated by the E2F family were first identified using over-or underexpression of a particular family member, coupled with gene expression microarray analyses. Such studies suggested that perhaps 7% of the human genes were influenced by the E2F family (Muller et al. 2001) . Interpretation of these studies, however, is complicated by the fact that the set of identified genes may include genes whose mRNA levels were simply responding to alterations in signal transduction cascades (leading to potential identification of indirect targets) and by probable functional redundancy created by the existence of multiple E2F gene family members. As a second approach to identifying sets of E2F target genes, two groups have used ChIP-chip analyses to identify E2F1-binding sites in either core promoter regions (Ren et al. 2002; Balciunaite et al. 2005) or in CpG islands Oberley et al. 2003; Wells et al. 2003) . Although these ChIP-chip experiments allowed a broader analysis of the binding patterns of E2F family members than previous one-gene-at-a-time approaches, they were restricted by the type of arrays used. The core promoter arrays, which allowed the analysis of 700 bp upstream and 200 bp downstream of the transcription start site of 13,000 human genes, provided an estimate that ∼2% of human promoters are bound by the E2Fs (Ren et al. 2002; Balciunaite et al. 2005) . However, if E2F plays a role in transcriptional regulation that includes binding outside of core promoter regions, many binding sites (and thus many target genes) may have been missed. An alternative approach used microarrays representing CpG islands, which are present in both core promoter regions and other types of regulatory regions, allowing analysis of a set of regulatory regions that is probably more inclusive than core promoters. These microarrays again yielded estimates that ∼2% of human promoters are bound by E2Fs Oberley et al. 2003; Wells et al. 2003) . However, these arrays would, of course, be unable to identify binding sites in regulatory regions that were not CpG islands. Recent studies have suggested that binding sites for transcription factors are not necessarily near the start sites of genes or in CpG islands. For example, using an oligonucleotide tiling array that encompasses chromosomes 21 and 22, Cawley et al. (2004) found that only 18% of the MYC-binding sites are within 1 kb of a 5Ј-exon and only 24% are within 1 kb of a CpG island. If binding sites for the E2F family members are similarly located, then perhaps the majority of E2F target genes were missed using core promoter and/or CpG arrays.
In this study, we have used an unbiased approach to analyze the binding sites for E2F1 in the ENCODE regions. There are 44 ENCODE regions representing different sections of the human genome, each section spanning from 500 kb to 1.9 Mb, with the summed length being 30 Mb (1% of the human genome). A subset of the regions were selected manually because of the presence of extensively characterized genes or the availability of a large amount of comparative sequence data. The remaining targets were chosen at random using an algorithm that ensured that the complete set of targets represented the range of gene content and level of non-exonic conservation (relative to mouse) found in the human genome (see ENCODE Project Consortium 2004) . Importantly, our analysis of 30 Mb of the human genome allows us to determine what percentage of E2F1-binding sites falls near core promoter regions, near CpG islands, or outside of either of these two types of regions. Unlike all of the previous ChIP-chip studies of E2Fs that used spotted microarrays, we have used highdensity oligonucleotide arrays for our studies. The identification of binding sites on such arrays is not trivial, and therefore we began by developing and testing a statistically based methodology for analysis of ChIP-chip data on high-density tiling arrays. Using this methodology, we found a large number of E2F1binding sites. As described below, our results suggest a possible new role for E2F1 as a transcription factor that may contribute to the regulation of a very large percentage of the genome.
Results
A statistical model for peak finding for ChIP-chip data obtained using high-density oligonucleotide arrays
We performed three independent ChIP assays (with ∼1 ‫ן‬ 10 7 HeLa cells per immunoprecipitation) using a monoclonal antibody specific for E2F1 and a negative control IgG antibody; each of the three replicates (A, B, and C) represents a ChIP sample from cells that were grown, cross-linked, and assayed independently of the other two samples. As a positive control for the ChIP assays, primers specific for the MCM4 promoter (a known E2F target gene) were used. We found that, as expected, the MCM4 promoter was enriched in the E2F1 samples, but not in the IgG samples ( Fig. 1A) . As a negative control, we showed that a region of chromosome 21 was not enriched in either the E2F1 or in the IgG ChIP samples. Next, the E2F1 ChIP samples, the IgG ChIP samples, and a portion of total input DNA were bluntended, ligated to a unidirectional linker, and amplified to generate enough DNA to probe the microarrays. Before proceeding to the microarray step, the amplicons were analyzed to confirm that the PCR amplification step had retained the specificity of the starting ChIP samples (Fig. 1B) ; that is, the E2F target promoter was enriched in the E2F1 amplicons, but not in the IgG amplicons, whereas the negative control was not enriched in either amplicon. Similar control PCR reactions were performed for all ChIP samples used for ChIP-chip analysis in this study.
Having confirmed that the amplicons were good representations of the starting ChIP samples, the experimental E2F1 (or IgG) amplicons were then labeled with Cy5 dye, and the total input amplicons were labeled with Cy3 dye and cohybridized to high-density oligonucleotide tiling arrays representing the 44 ENCODE regions (ENCODE Project Consortium 2004) . The nonrepetitive portions of the ENCODE regions were tiled at a density of one 50-mer every 38 bp, leading to a final total of ∼380,000 50-mers on the array. Previous investigations of microarrays have emphasized that, because of several factors, there is often significant variation in the range and distribution of amplitudes between arrays, even for biological replicates (Stekel 2003) . In accord with this expectation, simple inspection of our data (Supplemental Fig. S1 ) also showed significant variation between arrays that were hybridized with samples from three independent experiments, with some arrays having more apparent "noise" than other arrays. In addition, we found that peaks corresponding to confirmed binding sites varied greatly in waveform, amplitude, and size (see Methods). Therefore, our first task was to develop an automated method by which peaks could be identified and selected for further consideration.
We sought an approach to peak detection that made minimal assumptions about the shape and amplitude of peaks representing true binding sites. The binding sites should appear in the data as runs of consecutive points (each point representing a 50-mer) with enhanced amplitude. Hence, a simple approach is to set a threshold for acceptability and then look for peaks of a certain width, as has previously been used (Kim et al. 2005 ). However, this leaves open the difficult question of setting an appropriate combination of threshold and width for each array. Clearly, a threshold requirement for an array that shows strong signals (e.g., array A of Supplemental Fig. S1A ) should be very different than for an array that shows weaker signals (e.g., array B of Supplemental Fig. S1A ). Therefore, for a threshold we use a percentile for each array (95th and 98th percentile) of log 2 oligomer ratios. Use of this percentile "normalizes" the threshold values for each array to reflect both the amplitudes and distribution of signal in the arrays and, furthermore, presents a consistent, nonarbitrary way to set thresholds for different arrays. To determine the appropriate "run length" (or width) for a valid peak, we Primers specific for the MCM4 promoter and for a region of chromosome 21 were used as positive and negative controls, respectively, for analysis of (A) ChIP or (B) amplicon samples that had been immunoprecipitated with an E2F1 antibody or a nonspecific rabbit IgG.
analogized this problem to a known statistical model in which the P-value for any run length can be calculated (Supplemental Figs. S1 and S2; see Methods for detailed explanation). Following this approach, for each threshold (95th percentile and 98th percentile), we use P < 0.0001 for a very stringent P-value (which requires six consecutive points above the 98th percentile or eight consecutive points above the 95th percentile) and P < 0.05 for a less stringent P-value cutoff (which requires four consecutive points above the 98th percentile or five consecutive points above the 95th percentile). Hence, our four conditions, in decreasing stringency, are 98th percentile threshold and P < 0.0001; 95th percentile threshold and P < 0.0001; 98th percentile threshold and P < 0.05; 95th percentile and P < 0.05. For clarity, we will refer to these as L1-L4, with L1 being the most stringent. It is important to note that as we lower stringency, we keep adding peaks to the set. So (with a few very rare exceptions-see Supplemental Methods), every L1 peak is present at L2; every L2 peak is present at L3, and so on. Hence, we distinguish "the set of L2 peaks" (meaning every peak present in the L2 set) from "peaks that first appear at L2" (which is "the set of L2 peaks" minus "the set of L1 peaks"). Figure 2 displays the results of peak-calling on a single array trace (array C from Supplemental Fig. S1A ). As stringency is decreased from L1 to L3, we see a small increase in the number of detected peaks and in the apparent size of the peaks (as shown by the width of the vertical lines). However, at L4, we see a large jump in the number of peaks. Similar results were seen in other ENCODE regions and with other array samples (e.g., Supplemental Table S2 ). An obvious concern, which is addressed below, is that lowering the stringency results in an increase in false positives in L4. Because a true binding site should be detected in multiple ChIP assays, we performed and analyzed three independent ChIP-chip arrays. The most common approach to combining array data from biological replicates has been to apply normalization methods to the separate data sets, combine all data into a single set, and then make predictions based on this single combined set ( Fig. 3A , "combine-first"). While our peak prediction approach can be applied to a combined data set produced by this strategy, we chose to first predict peak locations for each array, then combine predictions by defining a binding site as a region that is called a peak on at least two of the three arrays ( Fig.  3B , "peak-first"); rationale and details of this procedure are in the Supplemental Methods. This procedure is conservative in that it tends to produce long peaks with the prediction that there is at least one binding site in the area and may underestimate the number of binding sites if two or more sites are very closely spaced. However, given that the resolution of the ChIP experiments will not allow one to confirm the presence of two closely spaced binding sites, we chose the more conservative approach of calling these as one peak. We have analyzed our array data using the "peak-first" strategy and the more widely used "combine-first strategy" (Fig. 3D ; see Methods for combination details). For each stringency level (L1-L4), our "peak-first" approach yielded fewer peaks, and the "peak-first" set was essentially a subset of the "combine-first set." Hence, in this limited analysis, our "peakfirst" approach appears to be more conservative than the "combine-first" approach, but more extensive testing and analysis using multiple data sets from multiple factors will be necessary to more clearly evaluate this issue.
Analysis of peak predictions
A concern in ChIP experiments is that enriched DNA may be simply the result of nonspecific antibody binding, which is commonly tested using IgG as a control antibody. Hence, we analyzed the peaks produced from triplicate IgG ChIP samples from the same cross-linked cells as those used for the E2F1 ChIP experiments. For a rigorous test, we compared the entire set of the lowest stringency IgG peaks (L4), which led to the greatest number of peaks, to the set of genuine E2F1 peaks at L1-L4. In each case, we found that only ∼1% of predicted E2F1 binding sites overlapped IgG peaks. Hence, the peaks we have identified as E2F1-binding sites are not false positives because of nonspecific antibody/DNA interactions.
As another measure of analysis of our peak predictions, we examined E2F1 ChIP samples from another cell type, MCF7 breast cancer cells. Again, three biological replicates were analyzed, peaks were called, and a set of predicted binding sites appearing in at least two of three arrays was determined. We found that 75% of the MCF7 E2F1-binding sites (111/148; L1) were also identified as binding sites in HeLa cells ( Fig. 4 ). Hence, a completely separate set of results using a second cell type lends support to our predictions.
As a more direct test of our predictions, we performed standard PCR analyses of the predicted peaks from the E2F1 set. For these confirmations, we used amplicons from the same samples that were hybridized to the arrays ( Supplemental Table S1 ). We examined predictions in both HeLa and MCF7 cells; in a subset of cases, the same peak was examined in both cell types. After analyzing 82 individual array predictions and 29 peak predictions (20 distinct peaks; nine peaks were examined in both HeLa and MCF7 cells), we have, in the L1 set, a 95% confirmation rate of individual array predictions and 100% confirmation rate of peak predictions. Hence, this L1 level appears to provide excellent specificity of predictions. Sparser testing of peaks first appearing at the L2 and L3 levels provided support that peaks appearing at these lower stringencies are also genuine sites. In contrast, only 1/5 of peaks first appearing at L4 were confirmed, and on a single array level, only 6/11 of single array predictions first appearing at L4 were confirmed. Hence, it appears that the array and peak predictions at L1 are very highly reliable; limited evidence suggests peaks and array predictions first appearing at L2 and L3 are reliable, and the evidence points toward the additional peaks at L4 being mostly artifactual.
In summary, we produce three lines of evidence to support our L1 peak predictions: (1) the peak predictions have minimal overlap with a set of nonspecific (IgG) binding events, (2) the predictions are verified at a high rate by PCR, and (3) the peak Figure 2 . Peak-calling on a single array trace. The hybridization data for a portion of ENr232 are shown. Above the trace, four different levels of peak-calling stringency are indicated (L1-L4; see Results for explanation of levels). As the stringency is lowered to L4, more peaks are called.
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Genome Research 597 www.genome.org predictions are largely held in common in a second cell type. More limited but similar results apply to L2 and L3, but at L4, these tests fail. Hence, we suggest that the parameters at L1 provide a very high specificity (very low false positives, but some false negatives), L2 and L3 provide good specificity but greater sensitivity (some false positives but fewer false negatives), but that L4 is not appropriate (too many false positives).
Genomic distribution of E2F1-binding sites
Having established a reliable approach to E2F1-binding site identification, we next investigated general themes revealed by this unbiased survey. Unless otherwise indicated, we used the conservative L1 set of E2F1-binding sites for all analyses. However, our conclusions drawn using L1 were qualitatively and quantitatively quite similar to those when the L2 or L3 set was used (Supplemental Table S4 ). For E2F1, we found a range of 0-25 E2F1binding sites per ENCODE region at L1, 0-27 at L2, 0-38 at L3, and 1-69 at L4 ( Supplemental Table S2 ). If we examine the randomly chosen ENCODE regions alone (which are each the same length, 500 kb), we find 0-11, 0-13, 0-18, and 0-41 peaks per region at L1-L4, respectively. Note that, for most regions, particularly in the random set, (1) there is a small increase in the number of binding sites from L1 to L2; (2) L2 and L3 have quite similar numbers of binding sites; and (3) there is a large jump in the number of predicted binding sites from L3 to L4. We noted that the great majority of E2F1-binding sites were spaced far from each other. However, occasionally, there were small chains (typically two to three peaks/chain) of binding sites spaced <1 kb from each other. We considered it likely that these small, relatively closely spaced chains of E2F-binding sites were probably in the same regulatory region. Others (Cawley et al. 2004 ) have also clustered binding sites that are separated by <1 kb. Hence, to provide an estimate of the number of regulatory regions, we considered E2F1binding sites that were <1 kb from each other to be in the same regulatory region. For L1, the 205 total E2F1-binding sites produce 170 separate regulatory regions by this criterion; the number of separate regulatory regions at L2, L3, and L4 is 237, 253, and 460, respectively. Using these data and the fact that the EN-CODE regions represent 1% of the human genome, we roughly and approximately estimate that there are between 205 ‫ן‬ 100 = 20,500 (L1) and 337 ‫ן‬ 100 = 33,700 (L3) E2F1-binding sites in the human genome.
We performed the same analysis of MYC-binding sites by performing triplicate ChIP-chip experiments and calling peaks as described in Figure 3 . Interestingly, we found a similar number of MYC-and E2F1-binding sites in the EN-CODE regions ( Supplemental Table S2 ). For example, at L1 we found 172 (hg17; see Methods) MYC-binding sites (as compared to 205 E2F1-binding sites), at L2 we found 332, and at L3 we found 354. Extrapolation to the entire human genome suggests that there are ∼17,000-33,000 MYC-binding sites. Although we found similar numbers of MYC-and E2F1-binding sites, these sites clustered somewhat differently in the different ENCODE regions (Supplemental Table  S2 ), suggesting that a different set of genes was regulated by the two factors (see below for a more detailed analysis of this issue).
We sought to examine whether our experimentally determined E2F1-binding sites possess the well-known strong consensus motif for E2F1 sites, which is TTTSSCGC with S = C or G (Tao et al. 1997) . To do so, we mapped the location of TTTSSCGC on both the forward and reverse strands for all the ENCODE regions, producing a total of 511 instances of this octamer. However, only 25/205 of high-stringency L1 E2F1-binding sites contained the consensus motif (Table 1 ; see also Supplemental Fig. S4 ), and there were only a total of 27 instances of this motif in these 205 binding sites (two of the experimentally determined binding sites had two TTTSSCGC hits each). Clearly, the small overlap between E2F1-binding sites and TTTSSCGC locations indicates that using the presence of TTTSSCGC as a marker for identifying E2F1-binding sites would not be appropriate. It is possible that a larger percentage of experimentally and computationally determined E2F1-binding sites would overlap if the motif were allowed to contain a 1-bp mismatch from the E2F consensus. However, when the location of all the 1-bp mismatch sites was mapped, we found that there are 37,750 such motifs in the EN-CODE regions, or >1 per kilobase. Clearly, this number of sites is too large to be of predictive value. Others have observed that E2F1 can bind to sites that resemble the consensus but are mismatched in one of the three Ts (Tao et al. 1997) , and a structural study (Zheng et al. 1999 ) has emphasized the importance of the central SSCGC for E2F binding. Therefore, it may be more bio- A schematic illustration of the "peak-first" approach. (C ) An example of peak-calling and combination (at L1 for each array) on the same region from ENr223 from three independent arrays. The maximum bar height (log 2 ) is 5.44 for "array A"; 2.10 for "array B"; and 4.18 for "array C". The final derived peak is shown by the black rectangle on the top line and extends from chr6:74156406 to 74157748. All three arrays contributed significantly to the set of peaks; for the total set of 205 L1 peaks, 100 were found in all three arrays. (D) Comparison of binding site predictions (at L1) for peak-first and combinefirst approaches for HeLa E2F1 data. Note that there are fewer "peak-first" predictions and that nearly all "peak-first" predictions (96%) are in the "combine-first" set. See Results and Supplemental Methods for additional description.
logically relevant to allow a mismatch only in the T stretch. If the single mismatch from consensus is allowed to vary only in the three Ts, there are still 5450 sites in the ENCODE region, or ∼1 site per 5.5 kb. Again, the high frequency of this motif obviates any predictive value. These results are in accord with recent studies emphasizing that the presence of a canonical motif is a poor guide to finding actual binding sites and that many experimentally determined binding sites lack canonical motifs (Cawley et al. 2004; Wasserman and Sandelin 2004) . CpG arrays have previously been successfully used to find E2F-binding sites, suggesting that using CpG islands as a criterion for E2F1-binding sites might be appropriate. However, it has never been examined if a significant portion of E2F1 sites lie outside of CpG islands. We found that 27% of the CpG islands in the ENCODE region were bound by E2F1 and the great majority (>80%) of E2F1-binding sites overlapped CpG islands (Table 1) . Although a significant fraction of E2F1-binding sites are outside of these regions, CpG islands clearly have better predictive value than do E2F consensus motifs.
Previous work on E2F1 has revealed binding sites near transcription start sites (Kel et al. 2001 ). However, these previous studies only examined core promoter regions, and therefore the frequency with which E2F1 bound near a start site could not be estimated. By analyzing 30 Mb of the human genome, we can now determine the preferred location of E2F1-binding sites with respect to transcription units. We used the gene annotations provided by the GENCODE project (GEN-CODE; http://genome.imim.es/gencode/), a subproject within ENCODE that has been investigating genes and transcripts within the ENCODE region in detail. As recommended by the GENCODE project, for a high-confidence set of protein coding genes, we used annotations categorized as "Known" and "Novel_CDS," which in-cludes all confirmed protein-coding genes (we refer to as "protein-coding set"). In addition, we examined a more loose set comprising every category except "Artifact" (we refer to as "NotArtifact set"). We display data and quantitation using the "protein-coding set" (except for analysis of E2F1 with respect to non-coding transcripts); however, results using either set were very similar. Also, for comparison, we performed the same analyses with the "Known Genes" set (Known Genes, March 2004 set; h t t p : / / g e n o m e . u c s c . e d u / c g i -b i n / h g T r a c k U i ? h g s i d = 61274972&g=knownGene) and derived very similar results (data not shown). To begin, we quantified the percentage of experimentally determined E2F1-binding sites within various distances of a transcription start site and, for comparison, of 3Ј transcription end sites (Table 2 ; see also Supplemental Table S4 ). We found that 51% of the L1 E2F1-binding sites were localized at the transcription start site, while only 5% overlapped the 3Ј-end of the transcript. Furthermore, 82% of E2F1-binding sites were found within 1 kb of the transcription start site. A minority (8%) of E2F1-binding sites were found >10 kb from the transcription start site of known genes. It is possible that many of the E2F1 sites that appear to be far from core promoter regions are, in fact, near start sites of as yet undiscovered genes or transcripts. Interestingly, a subpopulation of E2F1 sites is close to the 5Ј-ends of novel and/or non-coding transcripts (derived using the "NotArtifact" set of GENCODE annotations) (Supplemental Table S3 ).
As a comparison to the E2F1 analysis, we also analyzed the location of the MYC-binding sites ( Table 2) . We found that only 11% of the MYC-binding sites overlap a transcription start site and only 33% are within 1 kb of the start site. This binding pattern is very different from that of E2F1. Although several groups have published ChIP-chip studies examining MYC target promoters in mammalian and Drosophila cells using promoter or cDNA-based arrays (Fernandez et al. 2003; Li et al. 2003; Mao et al. 2003; Orian et al. 2003) , only one group has used genomic tiling arrays, which allow an unbiased location analysis of MYC binding to be performed. Our results are similar to this previous study that reported that only 18% of the MYC-binding sites on chromosomes 21 and 22 were within 1 kb of a 5Ј-exon (Cawley et al. 2004 ). In addition, while we found that most E2F1 sites are near or overlap CpG islands (82% overlap; 89% within 1 kb), only 16% of MYC sites that we identified overlapped CpG islands, and only ∼28% of MYC sites were within 1 kb of a CpG island. In accord with these findings, Cawley et al. (2004) found ∼24% of MYC sites within 1 kb of a CpG island.
E2F1 is recruited to a large fraction of human genes
A comparison of the position of the E2F1-binding sites to the location of known genes revealed that many of the genes in the ENCODE regions have E2F1 bound near the 5Ј-end. To quantify this relationship throughout all the ENCODE regions, we con- ChIP-chip analyses suggest a general role for E2F1
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sidered an E2F-binding site that is located within 1 kb of a transcription start site to be in the core promoter region of that gene.
Here, it is important to note that many genes have several transcription start sites because of alternative first exon usage; hence, if a gene had an E2F1-binding site within the core promoter region of at least one start site, we considered that gene to be an E2F1 target gene. Strikingly, a large fraction (∼35%) of genes in the ENCODE region possessed an E2F1-binding site within the promoter region of at least one transcript ( Table 1) . Use of the "Known Genes" set of transcripts (Known Genes, March 2004 set; http://genome.ucsc.edu/cgi-bin/hgTrackUi?hgsid= 61274972&g=knownGene), which includes a smaller set of transcripts (but a larger number of predicted genes), yielded a similar percentage (28.3%). Using the GENCODE analysis and extrapolating to the entire human genome, we arrive at a rough estimate that 0.35 ‫ן‬ 25,000 = ∼8750 human genes may be regulated by E2F1. Genes commonly produce several transcripts. We were interested in determining the fraction of this set of total possible transcripts that may be regulated by E2F1. Annotation of all possible transcripts from a gene is difficult for many reasons, including the fact that there are no current highly reliable computational models predicting all possible transcripts and the fact that some transcripts may be restricted to rare, small subsets of cells and/or only produced in rare cellular states. However, the GEN-CODE project provides an estimate of the number of transcripts for the ENCODE regions. Hence, we asked what fraction of this set of total possible transcripts might be regulated by E2F1, using the identification of an E2F1-binding site within 1 kb of the 5Ј-end of a transcript to indicate possible regulation. We found that ∼26% of all transcripts in the ENCODE regions were possibly regulated by E2F1 (Table 1) . Use of the "Known Genes" set of transcripts (Known Genes, March 2004 set; http://genome. ucsc.edu/cgi-bin/hgTrackUi?hgsid=61274972&g=knownGene) yielded a very similar percentage (26.9%). The ENCODE regions represent only a small (1%) portion of the human genome and were not chosen to reflect the functional diversity of human genes. Hence, extrapolation from the EN-CODE regions to the entire genome may not be appropriate. To directly test whether E2F1 is bound to a large fraction of human promoters, we used ChIP-chip to examine E2F1 localization in an array design containing from ‫0031מ‬ to +200 surrounding the mapped 5Ј-ends of ∼24,000 human promoters, each represented by 15 probes with an average probe spacing of 100 nt. Because our ENCODE array data indicate that E2F1 often binds very close to the transcription start site (Table 2) , this array design is appro-priate for investigating E2F1 binding. It is important to note that these ∼24,000 5Ј-ends do not necessarily reflect all the promoters in the genome. In addition, owing to lack of definitive information on exact locations of actual transcription start sites (and thus the promoter regions) for most genes, the 1500 bp on the array may actually represent sequences farther 5Ј or 3Ј than ‫0031מ‬ to +200. However, this array design does provide a large-scale data set for analysis of E2F1 binding. As described above, data from the EN-CODE arrays indicate that E2F1 could possibly regulate ∼26% of transcripts (see above). Hence, simple extrapolation from our EN-CODE data would imply that ∼6200 promoters of the ∼24,000 would be bound. We sought to develop a nonarbitrary approach to calling a positive versus negative target promoter. Our analysis approach used for the ENCODE arrays (described above) is based on a model in which actual oligomers in genuine E2F1-binding sites are only a very small fraction of total oligomers. For example, on the ENCODE arrays (which tile coding sequence, introns, and intergenic regions), we find that ∼1 in every 200-300 oligomers is bound by E2F1. For transcription factors that bind a relatively small fraction of the promoters in the promoter array design, our analysis approach developed for ENCODE arrays is appropriate and leads to verifiable predictions (M.C. Bieda, S.R. Krig, H. O'Geen, and P.J. Farnham, unpubl.) . However, if E2F1 binds to several thousand promoters in the promoter array, potentially one in every 12 points (or more) would be positive (see Supplemental Methods for calculation), indicating that another analysis approach is necessary. Therefore, to guide our analysis of the promoter array data, we examined E2F1 target promoters identified from the ENCODE arrays that also appeared on the human promoter array. We found a set of 25 regions on the promoter array that were at least 60% covered by an E2F1 hit from the ENCODE arrays (L1 stringency). The median values (of the normalized log 2 ratios of antibody/total for all 15 oligomers for each promoter) for these 25 promoters varied from 0.025 to 2.5, but there was a sharp division in that 20% of the hits were <0.33 and the remaining 80% of hits were >0.707. Hence, we used a median value of 0.707 as a cutoff value. Using this cutoff value, we found that 6183 promoters were bound by E2F1 in HeLa cells. We performed PCR analysis of 10 randomly selected promoters from this set of 6183, and all confirmed to be bound by E2F1 (Supplemental Fig. S3 ). These results suggest that numerical extrapolation from results from the ENCODE arrays provides a reasonable representation of the percentage of promoters bound by E2F1 in the entire human genome. As another indication of the robustness of the promoter ChIP-chip data, we examined the median values of the log 2 ratios for nine known E2F target genes that were identified in our previous ChIP-chip studies using CpG island arrays (Supplemental Fig. S3 ). Importantly, all nine of these promoters have been previously confirmed to be bound by E2F1 using PCR analysis of ChIP samples Oberley et al. 2003; Wells et al. 2003) . Additionally, we examined the Dhfr promoter, the first, and perhaps most-studied, E2F target gene (Blake and Azizkhan 1989; Means et al. 1992; Fry et al. 1999) and the E2F1 promoter, another well-characterized E2F1 target promoter (Hsiao et al. 1994; Johnson et al. 1994 ). The median log 2 ratio for these 11 known target genes ranged from 0.792 (Dhfr) to 2.98 (CBX5), and thus each was called as positive with the log 2 cutoff of 0.707. Because the median value for a promoter region is calculated based on the signals from all 15 oligomers (many of which are far from the binding site), the actual maximum enrichment found in each promoter region is higher than the median (Supplemental Fig. S3 ). For example, for MAGEF1, the median value (log 2 ) of all 15 probes was 1.9, but the maximum value was 3.0; similarly for RAD51, the median value (log 2 ) of all probes was 1.0, but the maximum value was 2.5. As a final test to determine if the E2F1 promoter array data were reliable, we performed another ChIP-chip analysis using a biologically independent set of E2F1 amplicons. To gain an estimate of the number of promoters bound by E2F1 in this second sample, we examined the same 25 promoters using the logic described above. For this second sample, there was a less-clear cutoff; however, we find that conservative thresholds that would capture 64%-76% of this set of 25 yielded an estimate of 5554-7352 promoters bound by E2F1, similar to the 6183 estimated above. For the analysis of the ENCODE arrays, we had found that only 49% of the called peaks were found in all three of the biologically independent E2F1 ChIP samples that were analyzed in ChIP-chip experiments. The source of the variation could be due to differences in cell culture conditions from one experiment to the next, to differences created during amplicon preparation, or to inconsistencies in array hybridization or washing; we are currently investigating each of these possibilities as part of a larger group of investigators. Regardless, the results of the ENCODE arrays suggest that about half of the promoters called as a target on one array would also be called as targets in all subsequent promoter ChIP-chip experiments. A comparison of the top 6000 ranked promoters in our two promoter ChIP-chip experiments indicated that 45% are in common. Thus, the promoter arrays and the ENCODE arrays give similar results, providing support for our suggestion that E2F1 binds to a large fraction of the promoters in the human genome.
The fact that E2F1 binds to almost 30% of the promoters in the human genome is striking. However, these data do not reveal whether E2F1 contributes to the regulation of each of the promoters to which it is bound. Clearly, analysis of the regulation of these promoters on an individual basis is not practical. However, as a measure of the relationship between E2F1 and promoter activity, we have compared the binding pattern of E2F1 to that of POLR2A (assuming that most promoters that are bound by POLR2A are transcriptionally active in that cell type). To perform this comparison, we performed triplicate ChIP-chip experiments using an antibody to POLR2A and hybridized to the ENCODE arrays, used our standard binding site determination method (as in Fig. 3) and thus identified the set of active promoters in the ENCODE regions in HeLa cells (Table 2 ). We found that 94 known genes were bound by POLR2A in the ENCODE regions in HeLa cells. Interestingly, E2F1 was found within 1 kb of 83% of bound POLR2A (Table 1) , and 90% of the active genes (as defined by having a promoter region occupied by POLR2A) were bound by E2F1. Thus, there is a very strong correlation between the binding of POLR2A and the binding of E2F1 to a promoter.
Discussion
The most surprising finding of this report is that E2F1 appears to be recruited to the promoter regions of a large fraction (at least 25%-35%) of human genes and is closely associated with active genes (as defined by a bound POLR2A), suggesting that E2F1 plays a much more widespread role in the human genome than expected from previous work. Our findings were based on analyses of ENCODE region high-density tiling arrays and the human promoter array. To derive binding site information from the EN-CODE arrays, we developed and tested a new analysis approach. Using these binding site predictions along with other data sets for the ENCODE regions, we found that: (1) most E2F1-binding sites are within 1 kb of a transcription start site; (2) the great majority of E2F1 sites lack the canonical E2F motif, and the great majority of canonical E2F1 motifs are outside of E2F1 binding sites; (3) most POLR2A-binding sites are within 1 kb of an E2F1binding site; and (4) the majority of E2F1-binding sites are shared between at least two cell types. Analysis of the large-scale (∼24,000 promoters) human promoter tiling array supported the finding of a large number of E2F1-binding sites and suggested that a large fraction of genes may be regulated by E2F1.
Analysis approach
We present and test a new, simple, and minimal statistically based analysis methodology for high-density ChIP tiling arrays and apply it to find E2F1-, MYC-, and POLR2A-binding sites in the ENCODE regions. Our approach bears some resemblance to that used by Kim et al. (2005) . However, we differ from that approach in that we put the determination of width on a statistical basis, we do not use a triangular filter, and we explore several ranges of parameters. In addition, our approach differs from previous approaches in that we choose to determine candidate binding sites in each of three separate biological samples, then combine the predictions ("peak-first"), as opposed to combining the arrays and then making a single determination of binding sites ("combine-first").
Several lines of evidence support our approach: (1) Most importantly, PCR testing supports our peak predictions and argues strongly against use of our lowest stringency set (L4). (2) Our results fit very well with expectations from previous work on E2F1; for example, others have shown that CpG arrays are effective in identifying E2F target genes, and we found that 74%-82% of the identified E2F1 (L1 stringency) binding sites are in CpG islands. (3) We found that most of the identified HeLa binding sites were also identified in MCF7 cells. (4) We find that control IgG experiments show that only two of the 205 E2F1-binding sites (L1 stringency) are due to nonspecific immunoprecipitation. (5) We find that using our analysis approach to identify the preferred location of MYC-binding sites with respect to core promoter regions produces results that closely match the location analysis of Myc-binding sites from a previous study using a different array platform (Affymetrix Chr21 + 22 tiling arrays) and a different analysis approach (Cawley et al. 2004 ). Hence, our procedure produces a reproducible, heavily verifiable population of E2F1-binding sites. One concern is that our approach might be biased toward only producing a very stringent set of binding sites and might therefore suffer from low sensitivity. However, in testing areas in which no peak was predicted, we find that only rarely do we detect a binding site. In addition, we find that the peaks first appearing at our lowest stringency (L4) are often not confirmable, indicating that at this level, we have sacrificed specificity for sensitivity. Hence, our stringency range of L1-L4 seems to "bracket" the ranges of high-specificity/lower sensitivity (i.e., L1) to lower specificity/higher sensitivity (L4).
However, there are several weaknesses to our method. First, ChIP-chip analyses suggest a general role for E2F1
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www.genome.org it estimates the random rate by looking at the rate of points above a certain threshold. Because a significant number of these points are real data points, we are actually estimating a too high rate of random noise and hence are being too conservative. Second, our method depends on high sensitivity and a single belowthreshold oligomer can stop detection of a peak. Again, this would bias our approach toward being conservative. One way to decrease this problem would be to use a three-point median filter to smooth the data before peak detection, as has been used previously (Kim et al. 2005) . Third, our choice of P-values and threshold values, although based on a reasonable set of parameters that are similar to those used in previous work, is somewhat arbitrary. It is important to note here that all of these factors would point toward our analysis approach being conservative; hence, these points argue that our extrapolations to the whole genome may also provide low estimates of the number of E2F1binding sites. In addition, our calculation of P-values assumes statistical independence of points on the array (an assumption made by other ChIP-chip peak-finding approaches; e.g., Kim et al. [2005] and Cawley et al. [2004] ). Clearly, given both the nature of the array (overlapping tiles) and, more importantly, the fact that the sheared DNA fragments cover many consecutive tiles on the array, this is an oversimplification, and corrections to the statistical calculations used in this field must be developed in the future to address these dependencies.
E2F1 and MYC may bind to thousands of genomic locations
Our unbiased sampling of the human genome using the EN-CODE arrays points toward a large number of E2F1 sites in the genome (we estimate ∼20,500-34,000). This estimate is a crude extrapolation from the number of experimentally determined E2F1 sites in the ENCODE regions, and fundamentally assumes that multiplying values derived from the ENCODE regions (which in total length are 1% of the genome) by 100 will yield a good approximation to the entire genome. We view this extrapolated number of sites as an order-of-magnitude approximation; to gain a better approximation, it will be necessary to examine whole genome arrays. Although the estimated number of E2F1binding sites is large, it is similar to the number of estimated MYC sites in a previous study (Cawley et al. 2004) , and it is comforting to note that our extrapolated number of MYC sites obtained using ENCODE region data (17,100-33,000) is similar to the previous study's estimate (25,000). Several factors indicate that our estimates, both numerically and of percentages, may be low, including (1) we estimate based on one cell type (HeLa), yet our preliminary investigation of MCF7 cells reveals an additional population of sites; and (2) our analysis approach (at L1 level in particular) tends to favor specificity over sensitivity, indicating that we are not detecting all sites (see above discussion). However, our use of HeLa cells raises the possibility that many of the identified E2F1 sites may primarily be occupied only in tumor cells, perhaps because of higher than normal E2F1 production or, potentially, abnormal chromatin modifications unmasking normally obscured binding sites. Therefore, it will be important for future studies to assay E2F1 binding sites in normal cells. It would be very interesting if oncogenic transformation led to a enhanced role for E2F1 in regulating the genome.
Localization of E2F1-binding sites
Our results concerning the localization of E2F1 in reference to transcription start sites and to sites bound by POLR2A were ro-bust across our analysis stringency levels of L1-L3 (e.g., Tables 1  and 2 ) and with several sets of gene annotations ("Known Genes" and two subsets of GENCODE annotations; see Results for details). We found that the great majority of E2F1 sites were in a core promoter region (i.e., within 1 kb of a transcription start site), a marked contrast with results concerning other transcription factors studied in an unbiased manner (Sp1, p53, NF-kb, or MYC) (Cawley et al. 2004; Carroll et al. 2005 ; this study). In fact, we find that the presence of an E2F1-binding site is as predictive of the presence of a core promoter region as is the presence of a TAF1-binding site (Kim et al. 2005) . In addition, we found that 83% of POLR2A sites had a bound E2F1 within 1 kb and that 90% of active genes (as defined by POLR2A in the core promoter region) had a bound E2F1 within 1 kb of a transcription start site. However, it is important to note that there is a significant set of E2F1 sites that are far from POLR2A sites. Many of these E2F1-binding sites that are far from POLR2A sites are in fact localized near the 5Ј-end of a gene. It is interesting to speculate that these E2F1 sites may be sites with partially pre-assembled pre-initiation complexes and may represent promoters that are active in other cell types. In addition, we find that a small set of E2F1 sites that are far from the 5Ј-ends of known genes are near the 5Ј-ends of novel and/or non-coding transcripts, as defined by the GENCODE annotations (Supplemental Table S3 ). This raises the interesting possibility that E2F1 may play a significant role in regulating non-coding transcripts. In all, our results suggest that discovery of an E2F1-binding site far from an annotated transcript would imply that the region around that E2F1-binding site should be investigated for transcriptional activity in a variety of cell types, without regard to the type of transcript that may be produced from that genomic location.
Canonical motif localization
We find that very few E2F1 sites possess the canonical binding site motif (TTTSSCGC), and, conversely, very few of the canonical binding site motifs found in the ENCODE regions are actually within a binding site. One basic conclusion from these results is that using the presence or absence of a canonical binding site motif as a marker for E2F1 binding is not a good strategy, a finding in line with a growing consensus on this issue (Cawley et al. 2004; Wasserman and Sandelin 2004) . In addition, we "relaxed" the binding site motif to allow either one mismatch at any position or one mismatch in only the initial TTT stretch. In both cases, we found a very large number of these variant motifs in the ENCODE regions (37,500 and 5450, respectively), which obviated any predictive value that they might have. However, it is important to note that this merely demonstrates that finding these variant motifs has little predictive value. It is still possible that E2F1 actually uses these degenerate motifs to bind to DNA, but that other factors are required to assist E2F1 binding to a small subset of the sites and/or to "veto" E2F1 binding to the majority of the sites. This latter possibility would be consistent with another level of control of binding site accessibility, such as larger-scale chromatin modifications (e.g., histone modification). In addition, E2F1 could bind DNA via a completely different motif. Our preliminary investigations have not revealed any clear candidates for this potential second binding motif (M.C. Bieda and P.J. Farnham, unpubl.). Clearly, further investigation of the mechanisms by which E2F1 is recruited to chromatin in living cells is warranted.
Previous ChIP-chip experiments using CpG arrays and core promoter arrays have also been successful in identifying E2F-binding sites. These previous studies detected E2F1 binding at between 1% and 3% of the promoters on the array (Ren et al. 2002; Oberley et al. 2003; Wells et al. 2003; Cam et al. 2004 ). We find that, even with conservative analysis parameters, probably 25%-35% of the promoters in the ENCODE regions are bound by E2F1. Our results suggest that the previous ChIP-chip studies were detecting only a small fraction of the total number of E2F1-bound promoters. Although one might assume that the genomic tiling arrays detected a larger number of E2F1 target promoters because they contained a larger amount of upstream sequences (in this study, each region that was analyzed ranged from 500,000 to 1,900,000 bp, whereas only 1-2-kb promoter regions were used in earlier experiments), this is not the case, because 80% of the E2F1-binding sites were within 1 kb of the transcription start site. Thus, our present study strongly suggests that the sensitivity of the high-density genomic tiling arrays used in our current studies is much greater than that of spotted arrays. Recent data in which we have compared the number of E2F4 target promoters in HeLa cells identified with spotted CpG arrays versus high-density oligonucleotide tiling arrays support this conclusion (M.C. Bieda, X. Xu, and P.J. Farnham, unpubl.).
A speculative model for E2F1 action
We find that only ∼12% of the experimentally determined E2F1binding sites possess the canonical motif. It is likely, but not yet proven, that E2F1 is recruited to this set of target promoters via binding to the consensus site ( Fig. 5A ). We also found that ∼50% of the experimentally determined E2F1-binding sites possess a derivative of the consensus that lacks one of the Ts. Others have shown that E2F family members can cooperate with certain sitespecific DNA-binding factors to regulate transcription (Schlisio et al. 2002; Giangrande et al. 2003) . Perhaps E2F1 is recruited to a significant number of target promoters via cooperative interac-tions ( Fig. 5B ). However, our finding that 50% of the E2F1binding sites actually overlap the start site of transcription suggests an intriguing possibility that E2F1 may, in many cases, be recruited to promoters via interaction with components of the general transcriptional machinery (Fig. 5C ). Previous studies have shown that the E2F1 transactivation domain can interact with TBP and TFIIH (Pearson and Greenblatt 1997; Fry et al. 1999) . It has been assumed that binding of E2F1 to a promoter occurs first and then the interactions between the E2F1 transactivation domain and TBP or TFIIH help to recruit the transcription pre-initiation complex to the DNA. However, it is possible that E2F1 recruitment to some promoters occurs as a consequence, and not a cause, of transcription complex formation. This could explain the very high correlation we see between the localization of E2F1 and RNA Polymerase II in HeLa cells. Interestingly, using a highly artificial model system, a previous study (Blau et al. 1996) has suggested that E2F1 falls into a class of transcription factors that can stimulate both pre-initiation and post-initiation events. Perhaps E2F1 enhances pre-initiation complex formation at a set of promoters to which it directly binds to DNA and plays a role in promoter clearance at a set of promoters to which it is recruited by the transcriptional machinery. In light of the fact that 83% of the sites that are bound by RNA Polymerase II in HeLa cells are also bound by E2F1, the concept that a site-specific transcription factor such as E2F1 may play a general role in transcriptional regulation requires further investigation.
Methods

ChIP-chip assays
HeLa cells were grown and cross-linked with formaldehyde as previously described (Weinmann et al. 2001) . A complete protocol can be found on our Web site at http://genomics.ucdavis.edu/ farnham/ and in Oberley et al. (2004) . A mixed monoclonal antibody against E2F1 (KH20/KH95) was purchased from Upstate Biotechnology; a rabbit polyclonal antibody against MYC (N-202; cat# sc-764x) was purchased from Santa Cruz Biotechnology; a POLR2A antibody (N-20, cat# sc-899) was purchased from Santa Cruz Biotechnology; rabbit IgG (cat# 210-561-9515) was purchased from Alpha Diagnostic; and the secondary rabbit anti-mouse IgG (cat# 55,436) was purchased from MP Biomedicals. For analysis of the ChIP samples prior to amplicon generation, immunoprecipitates were dissolved in 50 µL of water, except for input samples, which were dissolved in 100 µL. Standard PCR reactions using 2 µL of the immunoprecipitated DNA were performed. PCR products were separated by electrophoresis through 1.5% agarose gels and visualized by ethidium bromide intercalation. For details concerning the generation of amplicons from ChIP samples, see http://genomics.ucdavis.edu/farnham/ and Oberley et al. (2004) . High-density ENCODE oligonucleotide arrays were created by NimbleGen Systems and contained ∼380,000 50-mer probes per array, tiled every 38 bp. The regions included on the arrays encompassed the 30 Mb of the repeat masked ENCODE sequences, representing ∼1% of the human genome. The arrays were hybridized, and the data were extracted according to standard operating procedures by NimbleGen Systems Inc. Confirmation of the predicted binding sites was performed using standard PCR analysis of the amplicons that were applied to the arrays (quantitation methods are presented in Supplemental Methods). The primers used for all PCR reactions will be provided upon request. 
